Antisense RNA molecules are powerful tools for controlling the expression of specific genes but their use in prokaryotes has been limited by their unpredictable antisense effectiveness. Moreover, appreciation of the molecular mechanisms associated with silencing in bacteria is still restricted. Here we report our attempts to define an effective antisense strategy in E. coli, and to dissect the observed silencing process. Antisense constructs complementary to different regions of lacZ were investigated, and silencing was observed exclusively upon expression of antisense RNA hybridising the 5'UTR of lac messenger. The level of lacZ mRNA was reduced upon expression of this antisense construct, and the silencing competence was found to be closely associated with its stability. These observations may help in the design of antisense molecules directed against prokaryotic genes. [BMB reports 2008; 41(8): 568-574]
INTRODUCTION
Conventional bacterial genetics examines the essential genes by selecting temperature-sensitive alleles or by promoter replacement. The first approach is useful for selecting inter-genic suppressors, while the second strategy provides strains capable of expressing the gene of interest at different levels. Since the construction of this type of strain is hampered by the low recombination proficiency of several prokaryotes, improved allele replacement methodologies, such as the use of optimised suicide vectors (1) or recombineering (2) , have been proposed. However, promoter replacement cannot be used to obtain the conditional expression of a gene among the different cistrons belonging to the same operon. On the contrary, a trans-acting element able to tune gene expression can target the individual cistrons independently of their location in a particular bacterial operon. The efficacy of such a strategy becomes clear in biochemical and metabolic studies, which would greatly benefit the selective tools that can tune, in vivo, the copy number of specific proteins. The conditional repression of prokaryotic genes is therefore a major challenge for genetic, biochemical and industrial purposes.
The use of antisense molecules to conditionally repress prokaryotic gene expression has been pursued for a number of years. Two main strategies are currently being challenged: i) the use of antisense peptide-nucleic acids (PNAs); ii) the conditional expression, in vivo, of antisense RNAs (asRNAs). Antisense PNAs are generally considered efficient silencers (3), even though they are not readily delivered to the cells. This makes it difficult to determine a dose/effect relationship. The in vivo expression of asRNAs may be a promising approach for the conditional silencing of target genes and the identification of essential genes (4) . However, their general use is still hampered by the lack of a robust design strategy. Moreover, while knowledge of the mechanism of gene repression exerted by natural antisense RNAs has increased steadily over recent years (5) , there are only two reports (6, 7) showing partial data on the molecular events associated with silencing by artificial asRNAs in prokaryotes. It should also be noted that the occurrence in prokaryotes of genes coding for the functional analogues of the enzymes engaged in eukaryotic RNA interference was quite recently hypothesized (8) , but there is no experimental evidence supporting this possibility.
The following points need to be addressed in order to devise an effective asRNA: i) the region of a gene sequence that represents the most appropriate target of the antisense transcript; ii) the length of asRNA that maximizes its performance; and iii) the factors affecting antisense stability in vivo and, hence, silencing.
While conflicting data concerning the best target region and size of asRNAs have been reported (9, 10) , there is almost no information available on the relationship between asRNA stability and silencing competence. Recently, it was reported that the presence of paired termini at the 5' and 3' sides of the antisense transcripts results in improved stability in vivo (7) . Although these antisenses proved to be efficient silencers, the presence of inverted repeats in these constructs might lower their genetic stability.
Our ongoing search for asRNAs competent in silencing dnaQ (coding for the proofreading subunit of DNA polymerase III) in E. coli led to the identification of the pBAD-AR1 tran-http://bmbreports.org BMB reports script, featuring high stability and silencing efficiency in vivo (11, 12) . In addition, the silencing competence of this antisense molecule was shown to strongly depend on the Shine-Dalgarno sequence conferred to the transcript by the expression vector used (pBAD). Accordingly, it appears reasonable to hypothesize that asRNAs benefit from the interaction (protection) with ribosomes, which most likely increases their cellular concentration and suppression capability. In addition, silencing of dnaQ was attempted using asRNAs directed against the regulatory and/or coding region of the target gene. Interestingly, while the strong silencer, pBAD-AR1, is directed against the 5'UTR and first 29 codons of dnaQ, none of the antisense transcripts hybridising only the translated portion of the target gene were effective in suppression (11) . lacZ represents an ideal target for a detailed study of gene silencing: the levels of lac mRNA, LacZ, and β-galactosidase activity can be determined easily and accurately. LacZ has been used previously as a target of artificial asRNAs but the reports have been controversial (9, 10) . In this study, an attempt was made to silence lacZ in E. coli in order to identify the determinants of silencing competence and the mechanism of suppression. This paper reports a mechanistic analysis of lacZ repression by asRNAs directed against the regulatory and/or coding region of the target gene. The size to which an effective asRNA can be shortened was also analysed, along with an evaluation of any polarity effects triggered by an anti-lacZ asRNA, e.g. by determining the parallel silencing of the third cistron of the lac operon (lacA).
RESULTS AND DISCUSSION

Antisense RNAs and β-galactosidase activity assays
To challenge conditional lacZ silencing, two fragments of the gene were amplified and cloned in reverse orientation into the expression vector pBAD. Under these conditions, the addition of arabinose to the culture medium induced the expression of antisense RNAs, which bear, at their 5' end, 37 bases conferred by the vector containing the Shine-Dalgarno sequence and the AUG start codon. After defining nucleotide +1 as the transcription start site of the lac messenger, the first antisense construct containing a portion of the lacZ sequence spanning bases +1 to +345 was denoted pBAD-Zcal1. The second antisense construct was obtained by cloning a fragment of lacZ from bases +55 to +660, and is denoted pBAD-Zcal2 (Fig.  1A) . The predicted secondary structures of the 5' region of the Zcal1 and Zcal2 antisense RNAs are reported in Fig. 1B and Fig. 1C , respectively. The two constructs were designed to produce asRNAs that potentially hybridize the regulatory region and the first 102 codons (Zcal1) or codons 6-207 (Zcal2) of lacZ, respectively. It should be noted that neither Zcal1 nor Zcal2 could express proteins or peptides of a significant molecular mass: a stop codon follows the AUG start at the second and eighth positions, respectively.
Initially, the β-galactosidase activity was determined in cultures of E. coli DK1/F'128 devoid of any plasmid or containing the pBAD, pBAD-Zcal1, or pBAD-Zcal2 vector. Upon induction with IPTG alone or with IPTG and arabinose, the LacZ activity was determined as a function of the time lapsed after adding the inducer(s). Interestingly, the presence of arabinose did not alter the LacZ activity in E. coli DK1/ F'128 ( Fig. 2A) . http://bmbreports.org On the contrary, β-galactosidase expression in E. coli DK1/F'128 containing the pBAD or the pBAD-Zcal2 plasmid was affected by the presence of arabinose (a decrease of approximately 50 % was observed compared with the same cultures induced with IPTG alone, Fig. 2A ). This observation might be due to the strong competition between the araBAD and lac promoters for the recruitment of RNA polymerase molecules. However, the cells expressing Zcal1 showed a stronger repression of β-galactosidase, whose activity was reduced to 30% (70% silencing) of the levels observed in the populations containing either pBAD or pBAD-Zcal2 and grown in the presence of arabinose. This effect is considered to be true silencing (interestingly, Zcal2 was unable to affect lacZ expression). In order to better evaluate the effect on lacZ expression triggered by arabinose, the LacZ activity was determined as a function of the arabinose concentration in the culture medium using E. coli DK1/F'128 containing the pBAD or the pBADZcal1 vector. There was a strong decrease in β-galactosidase activity observed in the populations containing pBAD (Fig.  2B) . However, the pBAD-Zcal1 vector was responsible for the specific silencing of lacZ (Fig. 2B) .
The specificity of the Zcal1 action was assessed by determining the alkaline phosphatase activity (coded by phoA) in the cultures of E. coli DK1/F'128 devoid of any plasmid or transformed with pBAD or pBAD-Zcal1. Upon evaluating phoA expression using enzyme assays as a function of time after arabinose addition, the Zcal1 antisense did not trigger a significant decrease in phosphatase activity. This indicates that the observed lacZ silencing triggered by this antisense molecule is specific to the target gene (see supplementary material).
Zcal1 acts by lowering lac mRNA level
Western and northern blot analyses were performed to elucidate the mechanism of silencing triggered by the Zcal1 antisense and to understand the lack of silencing competence featured by Zcal2. By comparing the cellular concentration of LacZ in the E. coli DK1/F'128 populations hosting the pBADZcal2 (Fig. 3A) or the pBAD-Zcal1 (Fig. 3B ) plasmid and grown in the presence of IPTG alone or of IPTG and arabinose, a marked decrease in β-galactosidase was detected under the conditions inducing the transcription of Zcal1 antisense RNA, while there was no significant difference observed upon the induction of Zcal2.
The observed repression of LacZ might be due to a decrease in the corresponding mRNA or to a translational inhibition of the same message. The level of lac mRNA, which was detected using a probe complementary to a portion of the lacZ cistron, was determined in the same populations previously subjected to western blot analysis (Fig. 3C ). Under these conditions, the bands corresponding to the antisense RNAs were identified by comparing the total RNA prepared from the cells induced by IPTG only with the samples obtained from cells induced by IPTG and arabinose. In agreement with the β-galactosidase activity assays, the addition of arabinose to the culture medium did not silence the lacZ in populations of E. coli DK1/F'128 harbouring the pBAD-Zcal2 vector (Fig. 3C) . On the contrary, a strong decrease in the lac messenger was detected in the cultures transformed with pBAD-Zcal1 (Fig. 3C) . Interestingly, the silencing was coupled to a consistent amount of the Zcal1 asRNA, while the ineffective Zcal2 transcript was detected at lower levels in vivo (Fig. 3C ).
Zcal1 features polarity
Northern blotting analysis was performed using a probe specif-http://bmbreports.org BMB reports A probe specific to lacZ cistron was used to reveal the presence of the antisense transcripts.
ically detecting lacA in order to determine if the Zcal1 transcript affects the expression of lac cistrons downstream to lacZ. While Zcal1 induction resulted in an undetectable level of lacA message, Zcal2 did not trigger a significant decrease in the same target (Fig. 3D ). These observations suggest that antisense RNAs can feature the polarity of silencing when directed against a cistron located upstream to the others belonging to the same operon. Moreover, apparent stronger silencing was detected for lacA than for lacZ. This might be due to the intrinsic polar decay of the lac messenger, which is known to express LacA at lower levels than LacZ (13, 14) . In contrast, previous studies of lacZ silencing by antisense PNAs (15) or by antisense RNAs (9) reported the slight repression of lacA triggered by an anti-lacZ silencer. Unfortunately, there is no information available on the mechanism by which the asRNA suppresses the target gene (9) . One explanation for the discrepancy between the present and previous observations is that the silencing might have been attained by lowering the target transcript level (Fig. 3C) , while translational inhibition was probably the mechanism exerted by the antisense RNA described by Petska et al. (9) . In the latter case, the translational restart at the downstream cistrons could explain the strong silencing of lacZ (98% repression) paralleled by the slight suppression of lacA (40%), which is in agreement with what observed with antisense PNAs (15) .
A functional Shine-Dalgarno sequence stabilizes Zcal1
As previously mentioned, the 5' region of the antisense RNAs described in this work bears 37 bases conferred by the expression vector, pBAD. In particular, each transcript contains a Shine-Dalgarno (SD) sequence followed by an AUG start codon at an end-to-end distance of eight bases (Fig. 1B, 1C) . It is possible that the antisense transcripts interact with ribosomes, which can contribute to significant stabilization of the antisense molecules. Interestingly, a secondary structure prediction assigns an accessible conformation to the SD sequence, while the same hexamer is buried in Zcal2 (Fig. 1B and 1C) .
Previous studies on dnaQ silencing demonstrated that the target gene was not repressed significantly after mutating the Shine-Dalgarno sequence of the effective silencer pBAD-AR1 into the hexamer TCTAGA (11) . Moreover, the in vivo concentration of the mutant asRNA was much lower than its wild type http://bmbreports.org counterpart (11, 12) . Therefore, an identical mutation was introduced into the construct pBAD-Zcal1, yielding the plasmid pBAD-Zcal5. Interestingly, the LacZ activity was not affected by the in vivo expression of the corresponding antisense RNA (Fig. 3E) , which was also expressed at a lower level than with Zcal1 (Fig. 3F) . Overall, these observations are in excellent agreement with our previous findings, and suggest that effective antisense RNAs can be constructed using the expression vectors containing a ribosome-binding sequence immediately upstream of the cloning site chosen for antisense fragment insertion.
Towards an effective antisense RNA of minimal size
It would be interesting to know how the size of an antisense RNA affects the silencing performance and how much the size of an asRNA can be reduced without impairing its silencing capability. In order to investigate this aspect, a shorter version of Zcal1, containing only 56 bases, was designed. This molecule, which is denoted Zcal3, is complementary to the 5' regulatory region and the first six codons of lacZ, and was obtained by PCR assembly of two synthetic oligonucleotides and by cloning the assembled product into the pBAD vector. Structural analysis of Zcal3 revealed the presence of three unpaired regions complementary to the lac messenger (Fig. 4A , region I, II and III, respectively). A structural variant of this antisense, denoted Zcal4, was then constructed by inserting seven bases (nt 38-44 in Zcal4, cf. Materials and Methods, Fig. 4B ). The corresponding Zcal4 antisense transcript lacks the unpaired region I (the seven bases present in Zcal4 and absent in Zcal3 do indeed introduce an additional element of secondary structure), while regions II and III are single stranded (Fig. 4B) . Surprisingly, while Zcal3 silenced lacZ as effectively as Zcal1, Zcal4 did not have any suppressing activity (Fig. 4C) , which suggests that region I is essential for the silencing effectiveness of the short antisense Zcal3.
Concluding remarks
Our current observations will serve to design antisense RNAs that can trigger the conditional silencing of the target genes.
The following structural and functional elements conferring silencing competence to an antisense molecule were identified: i) a target gene can be repressed strongly (up to 70%) by the appropriate antisense RNAs; ii) the 5'UTR and the bases spanning the translational start are suitable gene targets for an antisense molecule; iii) silencing by antisense transcripts can be exerted by reducing the amount of the mRNA of a target gene; iv) the in vivo stability of an antisense RNA is a crucial parameter for determining the silencing effectiveness; v) the interaction between antisense RNAs and ribosomes can greatly enhance their stability, and hence suppress their performance; and vi) short and effective antisense RNAs containing 50-60 bases can be designed. However, further work will be needed to determine the minimal size of an efficient silencer.
MATERIALS AND METHODS
Bacterial strains and growth conditions
A spontaneous rifampicin-resistant mutant of E. coli DK1
[relevant genotype Δ(srl-recA)306, Δ(ara-leu)7697] was conjugated with the strain CC954 carrying the F'128 episome [lacI q , lacY4700::cat]. E. coli DK1/ F'128 was used as a host for the expression of the antisense RNA molecules.
The bacterial strains were grown at 37 o C in LB medium, and were eventually supplemented with ampicillin 100 μg/ml and chloramphenicol 25 μg/ml. Unless specified otherwise, the expression of anti-lacZ RNAs was induced with 13 mM arabinose. The expression of the lac operon was induced with 1 mM IPTG.
DNA manipulation
Zcal1 was amplified using the primers 5' GTTGTGTGGAATTC TGAGCGG (for) and 5' GATAGGTTACCATGGTGTAGATG (rev), and 20 ng of the episome F'128, and purified with the Perfectprep Plasmid Kit (Eppendorf), as a template. Zcal2 was amplified using the primers, 5'CATGATTACGAATTCACTGGCCG (for) and 5' GTCACGG ACCATGGCGCTCATCC (rev), and 20 ng of the episome F'128 as a template. Zcal3 was constructed by annealing the synthetic oligonucleotides, 5'GAGCCATGGATCCG TAATCATCGTCATAGCTGTTTCCTGTGTAAATTGTTATCCGC TCAGAATTCGAC3' and 5'GTCGAATTCTGAGCGGATAACA ATTTCACACAGGAAACAGCTATGACGATGATTACGGATCC ATGGCTC3'. Zcal4 was constructed by annealing the oligonucleotides, 5'GAGCCATGGGTTAATTATCCGTAATCATCGTCA TAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCAGAATTCG AC3' and 5'GTCGAATTCTGAGCGGATAACAATTTCACACAG GAAACAGCTATGACGATGATTACGGATAATTAACCCATGG CTC3'. Both Zcal3 and Zcal4 consist of 56 bp complementary to the 5'UTR of lacZ and to the first 6 codons of lacZ. In addition, Zcal4 contains 7 additional nucleotides that are complementary to the 3' end conferred by the pBAD vector (GTTAATT). All the constructs were digested with NcoI and EcoRI and cloned into the pBAD/HisB vector (Invitrogen). These plasmids were named pBAD-Zcal1, pBAD-Zca2, pBAD-Zcal3 and pBAD-Zcal4, respectively. A MORPH site-specific plasmid DNA mutagenesis kit (Eppendorf) was used to generate pBAD-Zcal5, using the procedure described elsewhere (11) . Two DNA probes were used to detect the lacZ or the lacA cistron. A 671 bp fragment internal to lacZ was amplified by PCR using the primers, 5'TCGTTTTA CAACGTCGTGAC (for) and 5'TAAAGCGAGTGGCAACATGG (rev), and pLEX-lacZ as a template (Invitrogen). The 385 bp lacA probe was constructed by PCR amplification with the primers, 5'CGATATGTGCGAAGGCTTACCG (for) and 5'CATGACTTC CGATCCAGACG (rev), using pTrcHisB-lacA (16) as a template. The probes were biotinylated using a PCR DNA Biotinylation Kit (KPL, USA) according to the manufacturer's protocol.
Prediction of the secondary structure of the asRNAs
The secondary structures of the antisense RNAs were determined using the STAR genetic algorithm (17) , with a population size equal to 5. The structures featuring the highest score were represented using RNAViz software (18) .
β-galactosidase assays
The bacterial cultures were grown at 37 o C until they reached 1.5 OD600/ml. The appropriate inducers were then added and aliquots (1 mL) were harvested. The LacZ assays were performed according to Miller (19) , using o-nitrophenyl-β-D-galactopyranoside as a substrate. One unit of β-galactosidase is defined as the amount of enzyme producing a 0.07 increase in absorbance (at 420 nm) per minute in the activity assays performed with the cell suspensions featuring ABS600 = 1.
Northern blotting
The total RNA for northern blotting analysis was prepared from the bacterial cultures grown in LB with the appropriate antibiotics. The inducers were added when the cultures reached an OD600/mL of 1.5. RNA extraction, gel electrophoresis, blotting onto a nylon membrane, blocking, hybridisation and developing were performed according to standard procedures as described elsewhere (11) .
Western blotting
The total proteins were extracted from E. coli using the BugBuster protein Extraction Reagent (Novagen). Pellets from 1 mL cultures were resuspended with 0.2 mL of reagent and 0.1 g of urea then incubated for 90 min with constant shaking at room temperature. After centrifugation at 10.000 g for 10 min, the total proteins were quantified using the Bradford method, and 20 μg were loaded on an 8% acrilamide gel. After separation by SDS-PAGE, the proteins were transferred to PVDF membranes, and blocking and developing were carried out according to standard procedures.
